I. Introduction
Fracture repair is a specialized form of wound healing, which, before the completion of bony union and the restitution of the original bone shape, goes through multiple steps of tissue regeneration involving inflammation, cartilaginous callus, bony callus formation and remodeling phases, recognized as endochondral ossification [26] . Since immature cells proliferate in the initial phase and then are committed to differentiate into chondrocytes and osteoblasts to form callus tissue, the mesenchymal cell lineage is the major component of regenerative change. Moreover, to promote the events of fracture healing, coordinated actions of local factors are indispensable for regulating the proliferation and differentiation of mesenchymal cells.
Bone morphogenetic proteins (BMPs) [38, 40] of the transforming growth factor b (TGFb) superfamily [6] have a diverse spectrum of biological actions including developmental organogenesis [4, 15, 25] . BMPs, originally isolated from the bone matrix as osteoinductive factors when administrated in vivo into experimental animals [35, 37] , can stimulate osteoblastic differentiation of immature mesenchymal cells in vitro [36, 43] . So far, BMPs have been classified into subgroups based on their amino acid sequence homology [15] : BMP-2 and -4 (related to the decapentaplegic gene product (dpp) of Drosophila) [11] , BMP-5, -6, -7 and -8 (closely related to Vgr-1) [8] , and BMP-3/osteogenin and growth differentiation factor-10 [40] . The involvement of BMPs in fracture repair has been postulated [5] because of bone inducing effects. Indeed, gene expression of BMPs in fractured bone tissue has been demonstrated by others [28, 33] and by our group [19, 20] , although the differences or the hierarchy of the roles of BMPs are still unknown.
Runx2 [17] (also known as Cbfa1/Osf2 [9, 22, 30 ]/ PEBP2aA1 [29] /AML3 [3] ) of the runt-domain gene family is an essential transcription factor for osteoblast differentiation and bone formation. Runx2/Cbfa1 regulates the expression of various genes of osteoblastic phenotypes, including osteopontin and osteocalcin, at the transcriptional level [9, 31] . Indeed, Runx2-deficient mouse embryos lacked ossification completely [22] . Moreover, Runx2/Cbfa1 is upregulated by BMP [9, 24] and is recognized as a factor downstream of BMP [42] . Based on previous studies on BMP expression during fracture repair [13, 20] , we speculate that BMPs of the osteoblastic lineage might act on Runx2 expression through the autocrine/paracrine mechanisms.
Osteoclasts are bone resorbing cells derived from the macrophage/monocyte lineage of hematopoietic cells. During fracture healing, resorption of cartilaginous and bony tissues starts immediately after the formation of callus tissues, and a number of osteoclasts are involved in the process [12] . To generate mature osteoclasts, the contribution of osteoblasts through cell-to-cell interaction has been demonstrated [34] . Recently, as a membrane-bound factor expressed on osteoblasts requisite to this process, the osteoclast differentiation factor (ODF) [44] or osteoprotegerin ligand (OPGL) [23] (identical to the receptor activator of NF-kB ligand (RANKL) [2] /tumor necrosis factor-related activation induced cytokine (TRANCE) [39] ) has been identified. RANKL binds to its receptor RANK [27] expressed on osteoclast precursors, and RANKL-RANK signaling induces genes characteristic of osteoclastic differentiation [23] . Since RANKL is a key molecule that regulates osteoclast formation and bone resorption [34] , we focused on its expression in the newly formed and underremodeling bone tissues during fracture repair.
We investigated the expression of genes responsible for bone formation and resorption in relation to the morphological changes of the mesenchymal cell lineage of fractured bone tissue. A sequential change of their expression responding to endogenous and exogenous signals can be detected earlier by in situ hybridization (ISH) than by immunohistochemistry. We synthesized single-stranded DNA probes, more stable than RNA probes, by uni-directional PCR without in vitro transcription [21] . Furthermore, RNA of mouse bone tissue of the fracture model fixed with 4% PFA for 2 days was as well preserved after decalcification with 20% EDTA for 4 days as Morse's solution [32] .
II. Materials and Methods

Animal experiment and tissue preparation
Twelve-week-old male BALB/c mice (Charles River Japan, Yokohama, Japan) were anesthetized and operated on to make a closed transverse fracture on one third of the proximal tibia with a three-point bending device. On days 2, 4, 7, 10, 14 and 21 after the operation, the fractured mouse tibiae were excised and immediately fixed with 4% paraformaldehyde (PFA) at 4°C for 2 days. To examine the development of mouse long bone, intact tibiae of 1, 3 and 12-weeks old male BALB/c mice were also excised and fixed with 4% PFA. The experimental procedures were conducted according to the "Guidelines for Animal Experimentation at Kobe University School of Medicine". Bone specimens were decalcified with 20% EDTA for 3 days then embedded in paraffin. Longitudinal 5-mm thick sections were cut and mounted on glass slides coated with 2% 3-aminopropyltriethoxy silan (SIGMA, St. Louis, MO, USA) in aceton. Representative sections for each experiment were stained with hematoxylin and eosin (HE) to observe histological changes. To detect osteoclasts, sections were stained for tartrate resistant acid phosphatase (TRAP), using a commercially available kit (SIGMA).
Reverse transcriptase (RT)-PCR and probe preparation
Total RNA was extracted from the mouse kidney with the commercially available RNA extraction system, RNAzol, according to the manufacturer's instructions (TEL-TEST, INC., Friendswood, TX, USA), and used as a template for RT-PCR. A 290 bp cDNA fragment from the coding region of mouse BMP-2, a 303 bp cDNA from BMP-3, a 280 bp cDNA from BMP-4, a 280 bp cDNA from BMP-6, a 320 bp cDNA from osteopontin and a 280 bp cDNA from osteonectin were amplified by RT-PCR with rTth reverse transcriptase (Perkin-Elmer Cetus, Norwalk, CT, USA) using the pairs of primers previously described [18, 20] . A 251 bp cDNA from mouse osteoclast differentiation factor (RANKL) and a 315 bp cDNA from Runx2/ Cbfa1 were amplified by RT-PCR using the following pairs of oligonucleotide primers:
primer RANKL (sense); 5'-TCCTAACAGAATATCAGAAGACAG-3' primer RANKL (antisense);
5'-AGGCTTGCCTCGCTGGGCCACATC-3' primer Runx2/Cbfa1 (sense);
5'-ATGGCCGGGAATGATGAGAACTAC-3' primer Runx2/Cbfa1 (antisense);
5'-GACACCTACTCTCATACTGGGATG-3' An antisense primer-primed reverse transcription was done at 60°C for 60 min, followed by both sense and antisense primer-primed PCR amplification to obtain each DNA fragment. The cycling conditions for PCR were denaturation at 94°C for 15 sec, annealing at 67°C for 15 sec and elongation at 72°C for 30 sec, for a total of 35 cycles. Amplified PCR products were loaded onto 3% agarose gel, and DNA bands of the predicted size were cut and purified with glass powder (Takara, Tokyo, Japan). To prepare the digoxigenin (DIG)-labeled single-stranded antisense DNA probe, the purified PCR product was subjected to uni-directional PCR with the antisense primer alone in the presence of DIG-dUTP (Roche, Mannheim, Germany) with the same PCR parameters for a total of 40 cycles. The efficiency of the probe generation was confirmed by the electrophoresis of both the primary (double-stranded DNA) and the secondary PCR products (single-stranded DIG-labeled DNA). The DIGlabeled single-stranded antisense DNA was purified with Quickspin TM Column Sephadex-G50, Fine (Roche, Mannheim, Germany) at a speed of 500 G. Each probe were sensitive enough to detect as little as 2 pg of individual DNA when hybridized with the denatured unlabeled cDNAs spot- and 12 (C) week-old mice. The hyaline cartilage of the growth plate was gradually replaced by bone tissue and decreased in its thickness, resulting in longitudinal growth of the long bone. ted onto the nylon filter, and no cross reactivity was found as previously described [21] . For negative controls, DIG-labeled sense probes were generated with sense primer-primed uni-directional PCR.
In situ hybridization (ISH)
After dewaxing in xylene and hydrating through a series of graded ethanol, tissue sections were treated with 2-5 mg/ml proteinase K (SIGMA, St. Louis, MO, USA) for 10 min, refixed with 4% PFA, immersed in 0.1 M triethanolamine (pH 8.0) for 10 min and in 0.1 M triethanolamine containing 0.25% acetic acid for 15 min, and washed in 0.1 M phosphate buffer (pH 7.4). The samples were then incubated in a hybridization medium [10 mM Tris-HCl (pH 7.3), 1 mM EDTA, 600 mM NaCl, 0.25% sodium dodecyl sulfate, 1´Denhardt's Medium, 50% (v/v) deionized formamide/1 mg/ml of probe DNA, 10% dextran sulfate] at 50°C in a moist chamber for 16 hr. Negative controls were prepared with either a DIG-labeled sense DNA or RNase predigestion. After hybridization, the slides were washed with 50% deionized formamide/2´SSC to remove the superfluous probe, and washed further with 2´SSC and 0.2´SSC. To visualize the hybridized probe, the slides were incubated with ALP-conjugated anti-DIG antibody (Roche, Mannheim, Germany) for 60 min after blocking with 1.5% non-fat dry milk in PBS for 30 min. The specimens were then washed twice with 100 mM TrisHCl (pH 7.5) containing 150 mM NaCl for 20 min each time, and immersed briefly in 100 mM Tris-HCl (pH 9.5) containing 100 mM NaCl and 50 mM MgCl 2 . The colorimetric reaction was done with nitro-blue tetrazolium salt and bromo-4-chloro-3-indolyl phosphate solution (Roche, Mannheim, Germany) in the dark for 4 to 12 hr, then stopped with 10 mM Tris-HCl (pH 8.0) containing 1 mM EDTA. Slides were mounted with CRYSTAL/MOUNT TM (Biomeda, Foster City, CA, USA) and analyzed under a light microscope without counterstaining.
III. Results
Endochondral ossification during the elongation of the long bone at the epiphyseal growth plate is demonstrated in Fig. 1A , B and C. The cartilage of the growth plate decreased in thickness and was replaced by the trabecular bone tissue. Osteoclastic resorption of the cartilaginous tissue and osteoblastic bone formation occurred simultaneously at the boundary between the cartilage and the trabecular bone tissue.
Gene expression at the endochondral ossification site is summarized in Table 1 . In the initial phase of fracture repair, hematoma was observed at the fracture site where mesenchymal cells as well as monocytes/macrophages migrated and proliferated ( Fig. 2A, B) . Seven days after the fracture, mesenchymal cells accumulated adjacent to the fracture site and then differentiated into proliferating and hypertrophic chondrocytes producing the cartilaginous matrices to fill the gap in the fractured bone (Fig. 2C) . The cartilaginous callus then began to be replaced by the woven bone tissue (Fig.  2D) , with a feature similar to that observed in the growth plate of mouse tibiae (Fig. 1) . As shown in Fig. 3 , chondrocytes of the cartilaginous callus on day 7 expressed strong signals for BMP-2 and -3 (Fig. 3B, C) and weak signals for BMP-4 and -6 (Fig. 3D, E) as well as for bone specific transcription factor Runx2/Cbfa1 (Fig. 3F) . Moreover, osteonectin signals were detected on proliferating chondrocytes (data not shown).
Fourteen days after the fracture, bony callus, replacing the cartilaginous callus, became the major component (Fig.  2E) . By ISH, signals for BMPs were no longer detected on the remaining cartilaginous tissue. In the area of the newly formed woven bone, osteoblasts lining the trabecular bone surface expressed strong signals for BMP-2, -3 and -6 (Fig.  4B , C, E) and for bone matrix proteins, osteopontin (Fig. 4F ) and osteonectin (data not shown). On the other hand, BMP-4 was hardly detectable (Fig. 4D) . In this phase, as shown in Fig. 4G , a number of osteoclasts recognized as TRAPpositive multinucleated cells existed in the woven bone tissue and the boundary between the trabecular bone and the cartilaginous remnant. Osteoblasts lining the trabecular bone surface expressed RANKL signals (Fig. 4H) .
In the remodeling phase, bone resorption by osteoclasts and bone formation by osteoblasts occurs to absorb excessive amounts of bony callus and to restore the original shape of the bone (Fig. 2F) . Signals for BMPs and RANKL decreased 21 days after the fracture (data not shown). During fracture healing, mesenchymal cells at the periosteal region adjacent to the fracture site proliferated and directly differentiated into osteoblasts by the process known as membranous ossification. Gene expression on mesenchymal cells and on osteoblasts at this membranous ossification site is summarized in Table 1 . Two and three days after the fracture, mesenchymal cells accumulating at the periosteum expressed BMP-2 and BMP-2 and -3 signals, respectively, and then differentiated into osteoblasts expressing BMP-2, -3, -4, -6, Runx2/Cbfa1 mRNA, osteonectin and osteopontin on days 4 and 7. In the remodeling phase of the woven bone tissue, the level of the mRNA signals of BMPs, Runx2/Cbfa1 and bone matrix proteins decreased slightly. In all experiments, signals were detected neither in the specimens hybridized with sense probes nor in those predigested with RNase (data not shown).
IV. Discussion
Tissue regeneration during fracture healing is accomplished by mesenchymal cells proliferating and then differentiating into osteoblasts. The gene expression of BMPs, Runx2/Cbfa1 and the phenotypic markers of osteoblasts was sequentially analyzed to determine the molecular pathway that regulates the differentiation of mesenchymal cell lineage. At the membranous ossification site, the gene expression of BMP-2 preceded that of the other BMPs, Runx2/ Cbfa1, osteonectin and osteopontin; all such signals increased markedly along with the differentiation of osteoblasts. The same pattern of gene expression was also observed at the endochondral ossification site. BMP, expressed endogenously, promotes mesenchymal cell differentiation through an autocrine/paracrine mechanism. Sonic and Indian hedgehogs (Shh and Ihh) have been advocated as upstream factors of BMP [42] . Although a synergic effect of hedgehogs and BMPs on osteoblast differentiation has been demonstrated in vitro [42] , further study is required to clarify the mechanism upregulating BMP during fracture repair. Differences in the expression patterns of BMPs and the predominance of BMP-2 and -3, albeit the potency of each BMP might vary among assay systems [42] , postulate the hierarchy of the roles of BMPs [7] . BMP-3, originally isolated as a potent bone-inductive factor [40] , has recently been reported to antagonize BMP-2-induced osteogenic differentiation [10] . Judging from BMP-3 expression in mouse fracture models, however, BMP-3 with BMP-2 may synergically promote osteogenic differentiation during frac- ture repair. The expression of BMPs and Runx2/Cbfa1 was detected in chondrocytes during the cartilaginous callus phase, suggesting their potent effect on chondrocyte differentiation. Indeed, maturational arrest of chondrocytes is observed in Cbfa1-deficient mice [16] , and the in vitro effects of BMP-3 [41] and BMP-6 [14] on differentiation of chondrocytes have been described. Furthermore, transfection of the cDNA of BMP-2 and BMP-4 into C3H10T1/2 cells induces distinct differentiation into osteoblasts and chondrocytes [1, 42] . Therefore, we believe that the expression of BMPs and Runx2/Cbfa1 on mature chondrocytes, does not imply their differentiation into osteoblasts. To prove this point, analysis of osteocalcin and type X collagen would be useful, since both lineages share osteonectin and, in part, osteopontin.
During fracture repair, a number of osteoclasts was observed at the sites of cartilaginous callus resorption and remodeling of the woven bone tissue, where remarkable expression of RANKL on osteoblasts/mesenchymal cells adjacent to osteoclasts was also observed. Since osteoclast formation can be accelerated by increased RANKL expression on osteoblasts, endogenous and exogenous factors acting on the osteoblastic lineage might modulate bone resorption during fracture healing. We have characterized mouse RANKL gene promoter and have found binding sites for Runx2/Cbfa1 [19] , an essential transcription factor for osteoblasts. It is therefore suggested that the RANKL gene is activated simultaneously with accelerated osteoblastic differentiation and bone formation. These hypotheses may explain, in part, the molecular mechanisms by which bone and cartilage resorption begins immediately after their formation during fracture healing.
In this study, we analyzed the expression of genes responsible for bone formation and resorption in mouse fractured bone tissue. In endochondral ossification during the development of the long bone, the growth plate of the mouse tibia existed for months, when the earlier-formed cartilage was resorbed and trabecular bone formation followed. Fracture repair mimics these processes, probably sharing the activation of genes including BMPs and other factors for osteo-and chondrogenic differentiation of the mesenchymal lineage, and completes them within a few weeks. Further study is needed to clarify the mechanism that initiates and terminates gene activation during fracture healing.
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